Hexachlorobenzene (HCB) was administered to female Sprague-Dawley rats in a 13-week toxicity study conducted for the National Toxicology Program (NTP). Groups of 10 rats were treated by gavage with 0.0, 0.03, 0.1, 0.3, 1.0, 3.0, 10, or 25 mg/kg HCB in corn oil 5 days/week for 13 weeks. Dose-dependent, region-specific, maxillary incisor degeneration was observed in animals given HCB at doses of 1.0 mg/kg/day and higher. Treatment with 1.0 mg/kg/day resulted in focal mesenchymal cell vacuolation and focal osteodentin formation within the pulp. Lesions were restricted to a short linear region subjacent to the odontoblast layer along the lateral aspect of the incisor at the level of the dentin-enamel interface. When observed in both incisors, lesions were bilaterally symmetric. Treatment with 3.0 mg/kg/day resulted in lateral and medial pulp lesions and focal odontoblast degeneration with dentin niche formation along the lateral incisor margin in some animals. Treatment with 10 mg/kg/day resulted in a higher incidence of lateral dentin niches and a low incidence of medial dentin niches. In animals treated with 25 mg/kg/day, a high incidence of bilaterally symmetric, lateral and medial, dentin niches were observed. The morphology and distribution of HCB-induced incisor lesions in rats are consistent with injury to a selective population of preodontoblasts.
INTRODUCTION
Hexachlorobenzene (HCB; CAS Number 118-74-1) is contained in pesticides, fungicides, and industrial chemicals. It has also been used as a wood preservative and a chemical intermediate in dye manufacture and the synthesis of other organic chemicals. HCB forms as an impurity during the synthesis of several herbicides and pesticides, including the herbicide dimethyl tetrachloro-terephthalate and the pesticide pentachloronitrobenzene (IARC, 1979) . HCB presents toxicological and environmental concerns because of its bioaccumulation and persistence in both terrestrial and aquatic food chains (IARC, 1979) .
Human exposure and serious health effects have resulted from ingestion of HCB-treated seeds diverted to replace edible stores, a practice common in some countries during times of food shortage (Gocmen et al., 1989) . Dental lesions have not been reported in humans; however, skeletal effects including arthritis, small hands, and short stature have been associated with human exposure (Gocmen et al., 1989) and suggest that HCB can potentially alter the development of hard tissues.
HCB is considered a dioxin-like compound because it binds to the aryl hydrocarbon receptor (AHR), results in dioxin-like effects, and bioaccumulates (van Birgelen, 1998) . Certain dioxins are reported to cause developmental dental defects in rodents (Alaluusua et al., 1993; Kattainen et al., 2001; Kiukkonen et al., 2002; Lukinmaa et al., 2001; Sahlberg et al., 2002) and children (Alaluusua et al., 1996 (Alaluusua et al., , 1999 Holtta et al., 2001) . Such defects in children are of concern be-cause they occur at low-dose levels and are usually permanent (Kattainen et al., 2001) . This study describes developmental maxillary incisor defects in female Sprague-Dawley rats treated for 13 weeks with HCB. MATERIALS AND METHODS HCB was obtained from the Aldrich Chemical Co. (Milwaukee, WI). The identity of the chemical was confirmed by infrared spectroscopy and gas chromatography/mass spectrometry, with a purity of greater than 99% determined by gas chromatography with flame ionization detection. HCB was formulated for administration by gavage in USP-grade corn oil containing 1% USP-grade acetone.
Female Harlan Sprague-Dawley rats (Harlan Sprague-Dawley Inc, Indianapolis, IN) were selected because they are commonly used for toxicity studies and are being used in the Toxic Equivalency Factor evaluation of dioxin and dioxinlike chemicals. Rats were approximately 54 days old at study initiation; their weight range was 166.2 to 188.8 grams. Irradiated NTP-2000 pelleted feed (Zeigler Brothers Inc, Gardners, PA), contained in slotted hanging stainless-steel feeders (Lab Products, Inc, Seaford, DE) and tap water were provided ad libitum. Animal care and use procedures were conducted in accordance with the policy of the U.S. Public Health Service on the humane care and use of animals and the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1978) .
Groups of 10 rats were administered HCB by gavage at doses of 0.0 [corn oil:acetone (99:1)], 0.03, 0.1, 0.3, 1.0, 3.0, 10, or 25 mg/kg for 5 days/week for 13 weeks. Doses were administered at a volume of 2.5 ml/kg and adjusted based on the animal's most recent weekly body weight. Animals were observed twice daily for signs of mortality or moribundity. All animals were euthanized at the terminal sacrifice 36 LONG ET AL TOXICOLOGIC PATHOLOGY in a carbon dioxide chamber. Protocol-specified tissues were preserved in 10% neutral buffered formalin. Skulls, including nasal tissues, were decalcified in formic acid. Following decalcification, 3 transverse sections through the nose were trimmed at specific anatomical landmarks for all animals: Level I, immediately posterior to the upper incisor teeth; Level II, through the level of the incisive papilla anterior to the first palatial ridge; and Level III, through the middle of the second molar teeth (Boorman et al., 1990) . Levels I and II contain sections of right and left maxillary incisors. Level III contains sections of right and left second molars. All sections were stained with hematoxylin and eosin and evaluated as part of an NTP Pathology Working Group (PWG) review. Final diagnoses for all teeth represent a consensus among the laboratory study pathologist, an independent reviewing pathologist, and an NTP PWG.
RESULTS
Maxillary incisor lesions, characterized as degeneration were noted only in rats given 1.0, 3.0, 10, or 25 mg/kg/day HCB. Incisor degeneration was graded on a scale of 1-4 representing minimal (1), mild (2), moderate (3), and marked (4) degeneration. Grades were based on the most severely affected incisor within an individual animal. Figure 1 shows the normal histology of the rat maxillary incisor. Minimal incisor degeneration was characterized by focal osteodentin formation within the pulp coupled with focal pulp mesenchymal cell vacuolation, which consistently occurred along the lateral aspect of 1 or both incisors (Fig. 2 ). Mild incisor de- generation required the additional findings of medial pulp involvement and/or focal odontoblast degeneration and dentin niche (recess within the dentin) formation adjacent to the dentin enamel interface (Fig. 3A) . Animals with moderate incisor degeneration had 2 distinct areas of pulp and odontoblast degeneration and 2 distinct dentin niches. One niche could be seen along the lateral aspect of the incisor and one along the medial aspect at the level of the dentin-enamel interface (Figs. 3B-D). Marked incisor degeneration (not seen in this study) would have required the additional finding of a perforation or discontinuity in the dentin surrounding the pulp chamber. The incidence and severity of incisor degeneration noted in female Sprague-Dawley rats treated with HCB are shown in Table 1 .
In the 1.0 mg/kg/day group, lesions were noted in Level II only and were characterized by osteodentin formation within the pulp and variable vacuolation of pulp mesenchymal cells. Odontoblasts were unaffected. The distribution was zonal and highly specific, occurring in a short linear region subjacent to the odontoblast layer along the lateral aspect of the tooth at the level of the dentin-enamel margin. When present in both incisors, lesions were bilaterally symmetric. Osteodentin occasionally surrounded affected pulp mesenchymal cells trapping them within the dentin matrix. Mineralization of the osteodentin was evident in a few animals. No evidence of hemorrhage, thrombosis, or vasculitis was found. Fig. 3B showing medial dentin niche.
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LONG ET AL TOXICOLOGIC PATHOLOGY All rats in the 3.0 mg/kg/day group developed incisor lesions. Additional findings not noted in the 1.0 mg/kg/day group included focal odontoblast degeneration and dentin niche formation. Affected odontoblasts were disorganized, misshapen, degenerate, and/or fragmented. Dentin niches occurred immediately adjacent to the affected pulp and were characterized by decreased primary dentin production and deposition of osteodentin within the niche. Affected areas were sharply demarcated from nonaffected areas. Level I alterations were noted in 2 animals and characterized by disorganized dentin matrix and retention of cellular inclusions within the dentin structure. In this dose group, animals with incisor lesions in Level II also developed lesions in Level I.
In the 10 mg/kg/day group, animals with moderate degeneration had a second area of pulp and odontoblast degeneration and dentin niche formation that occurred along the medial aspect of the incisor at the level of the dentin-enamel margin. Dentin matrix defects similar to those observed in the 3.0 mg/kg dose group were noted in Level I sections of most animals.
In the 25 mg/kg/day group, a higher incidence of moderate incisor degeneration occurred. Involvement was bilateral and symmetric, and dentin niches noted along the lateral margin were consistently wider than those noted along the medial margin. Ameloblasts were unaffected at all HCB dose levels. Dentin matrix defects similar to those observed in the 3.0 mg/kg dose group were noted in Level I sections of most animals (Figs. 4A-C). Molar teeth present in Level III were unaffected at all dose levels. None of the animals developed perforation or discontinuities in the dentin surrounding the pulp chamber.
DISCUSSION
This study demonstrated that HCB-induced incisor injury was dose-related and consistently site-specific within the incisors; however, the pathogenesis of the injury is not well understood. Similar lesions have been reported in rats treated with actinomycin D (Adkins, 1972; Moule et al., 1993) , doxorubicin (Dahl, 1984) , cyclophosphamide (Adatia, 1975a (Adatia, , 1975b Koppang, 1973) , colchicine (Nogueira et al., 1981) , vincristine (Stene and Koppang, 1976; Stene, 1979) , vinblastine (Mikkelsen, 1978) , and radiation (Adkins, 1967; Hansen and English, 1957) and in mice treated with certain anticancer drugs (Satoh et al., 2001) . Results from these studies indicate that different cytotoxic agents that affect odontogenic cells via different mechanisms can cause similar incisor lesions. This suggests the presence of a specific subpopulation of odontogenic cells that are susceptible to a variety of physical and chemical agents. That dentin niches noted in our treated rats were similar to those reported for the agents mentioned above evidences the targeting a very selective population of odontogenic cells by HCB.
Studies investigating the stage at which odontoblasts and their precursors are most sensitive to physical and chemical agents provide additional insight into possible mechanisms by which HCB may cause incisor lesions. Several reports indicate that differentiating cells of the odontoblast series are more sensitive to the action of chemical and physical agents than fully differentiated or completely undifferentiated odontoblasts and cells of the ameloblast series (Hansen and English, 1957; Koppang, 1973; Medak et al., 1952) . The most sensitive cells appear to be located between the completely undifferentiated germinal cells of the dental pulp and odontoblasts that have just initiated production of dentin matrix (Adachi et al., 1957) . The distribution of injured cells Vol. 32, No. 1, 2004 HCB-INDUCED INCISOR DEGENERATION IN RATS 39 noted in HCB-treated rats is consistent with this observation, supporting a direct cytotoxic mechanism of action. The observation that 1.0 mg/kg/day HCB caused pulp mesenchymal cells to produce osteodentin a short distance from the layer of mature odontoblasts suggests that HCB may have interfered with the proliferation and/or migration of these cells as they were preparing to differentiate into mature odontoblasts. A precedent for such a mechanism is reported for Actinomycin D, which causes dentin niches in rats by interfering with proliferation and migration of differentiating pulp mesenchymal cells in the apical region of the rat incisor (Moule et al., 1993) . The observation that 1.0 mg/kg/day HCB did not result in alterations within the mature odontoblast layer or cause dentin niches suggests that injury may not have been severe enough to interfere with maintenance of the mature odontoblast layer.
The formation of osteodentin is generally considered a reparative response to pulp and/or odontoblast injury; however, decreased primary dentin production and/or reactive osteodentin production may be an expression of an altered secretory mechanism caused by the effect of agents on microtubules and/or the structure and arrangement of intracellular organelles (Nogueira et al., 1981) . Such compounds may not only limit or inhibit matrix production resulting in dentin niches but may also result in altered matrix deposition with odontoblasts secreting matrix in the normal apical location, as well as laterally and basally (Nogueira et al., 1981) , trapping themselves within the matrix. In HCB-treated rats, osteodentin production occurred only within the dentin niches and the adjacent pulp. Treatment with 1.0 mg/kg/day HCB appeared to produce nonlethal injury affecting only a few preodontoblasts within the pulp. In contrast, higher doses affected more cells, including mature odontoblasts. Affected odontoblasts were disorganized and irregular in size and shape. Many were trapped within the disorganized dentin matrix that they deposited. Since the resulting tissue resembled bone, the term osteodentin is applied appropriately. Remnants of dead odontoblasts were often seen as inclusions within the disorganized dentin.
Dentin niche formation was once considered characteristic of radiation injury (Adkins, 1967) , but it is now known that a variety of cytotoxic agents cause dentin niches (Nogueira et al., 1981) via different mechanisms, indicating that dentin niche formation may be a nonspecific manifestation of preodontoblast injury. For example, cyclophosphamide, an alkylating agent, causes dentin niches by affecting cross-linking between certain bases in the DNA of the cell (Stene and Koppang, 1976) . In contrast, the vinca-alkaloids, such as vincristine, cause dentin niche formation by interacting with cellular microtubules and causing irreversible arrest of dividing cells in metaphase (Stene and Koppang, 1976) . The similarities in the morphology and location of dentin niches produced by different agents have been interpreted as a reflection of injury to a small part of the dentinogenic cell population, one that is more sensitive to the effects of physical and chemical agents than the remainder of that population (Stene and Koppang, 1976) . The most sensitive cells appear to be those in the late preodontoblast stage (Nogueira et al., 1981) .
The process that leads to the "niche" appearance of the incisor lesions is a dynamic one that occurs over a period of time. As the incisors grow, new dentin is produced; during this process, which continues throughout the rodent's lifetime, cellular elements gradually recede toward the center of the pulp cavity until the distal aspect is obliterated and sealed. The niche noted in HCB-treated animals is the result of localized death or malfunction of the odontoblasts so that no dentin, or abnormal dentin, is produced and the cellular elements fail to recede in the affected areas.
Hexachlorobenzene (HCB) is classified as a dioxin-like chemical; certain dioxins have been associated with the development of dental lesions in both rats and humans. Dioxins have the potential to interfere with the development of incisors and molars and can alter mesenchymal and epithelial dental tissues (Kiukkonen et al., 2002) . The mechanism by which dioxins cause dental injury is thought by some to be mediated through the AHR together with the AHR nuclear translocator protein . Others have suggested a role for vitamin A in mediating the toxic effects of certain dioxins, such as 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD), since it is known to interfere with vitamin A metabolism (Alaluusua et al., 1993) . In addition, decreased regional blood flow has been suggested as a possible mechanism by which dioxins, such as TCDD, cause injury to dental tissues (Kiukkonen et al., 2002) . Dentin niches similar to those observed in this study are not reported features of TCDD toxicity (Alaluusua et al., 1993 (Alaluusua et al., , 1996 (Alaluusua et al., , 1999 Holtta et al., 2001; Kattainen et al., 2001; Kiukkonen et al., 2002; Lukinmaa et al., 2001; Sahlberg et al., 2002) . Unlike the dioxins, HCB has not been shown to alter dentalassociated epithelial tissues. Although the mechanism by which HCB causes incisor injury is not fully understood, HCB-induced incisor lesions in rats may represent an additional useful model for studying dental lesions in humans caused by dioxin-like chemicals.
With longer exposure, HCB could predispose rat incisors to perforation and/or fracture mediated by alterations in the quality or quantity of dentin, either of which could prompt affected teeth to develop mechanical failure. Evaluation of different levels of the same incisor from treated rats revealed that HCB-induced lesions are linear, affecting the length of this tooth. Lesions of this extent could significantly alter incisor strength. Although incisor perforations or fractures were not seen in this study, the disruption in dentinogenesis and the resulting architectural changes noted in affected incisors could predispose them to such alterations. In longer-term studies, such lesions could contribute to incisor malformation.
Identifying and understanding factors that predispose rodent teeth to abnormal development (dysplasia) or malformation are important because such alterations may adversely influence the outcome of rodent toxicity/carcinogenicity studies by contributing to decreased weight gain and early mortality (Anton, 1987; Losco, 1995; Robins and Rowlatt, 1971; Satoh et al., 2001) . Dental dysplasia can also complicate the interpretation of inhalation toxicity studies by contributing to the development of inflammatory and obstructive lesions in the nasal cavity (Kuijpers et al., 1996; Losco, 1995) .
